We perform Glauber dynamics Monte Carlo simulations of a lattice gas confined between drying walls to model the dynamics that leads to the evaporation of water between extended hydrophobic surfaces. We find direct evidence that the long and short wavelength fluctuations are the important features involved in the evaporation process. These fluctuations correspond to capillary wave fluctuations in the emerging liquid-vapor interfaces and to the formation of vapor tubes that bridge across the interfaces. ͓S1063-651X͑97͒51512-1͔ PACS number͑s͒: 68.10. Jy, 64.70.Fx, 64.60.My Confinement affects the phase behavior of a liquid. For example, at ambient conditions, water at an extended and ideal hydrophobic surface ͑no forces of attraction between molecules and the surface͒ is predicted to exhibit a drying transition ͓1͔. Drying of a wall is tied to the physics of phase transition, i.e., it is akin to evaporation, making the liquid move away from the surface with a density profile much like that of the free vapor-liquid interface. Indeed, one expects from general thermodynamic arguments that a liquid confined between two drying walls will be replaced by vapor, due to competition between bulk energetics ͑favoring the liquid phase͒, and surface energetics ͑favoring the vapor͒. Below some threshold separation the surface energetics will dominate over the bulk energetics. The reduction of liquid density between two solvated inert surfaces will lead to attraction between them. This effect is of importance to the hydrophobic attraction, especially if the tendency to evaporate can be induced by widely separated hydrophobic surfaces.
Confinement affects the phase behavior of a liquid. For example, at ambient conditions, water at an extended and ideal hydrophobic surface ͑no forces of attraction between molecules and the surface͒ is predicted to exhibit a drying transition ͓1͔. Drying of a wall is tied to the physics of phase transition, i.e., it is akin to evaporation, making the liquid move away from the surface with a density profile much like that of the free vapor-liquid interface. Indeed, one expects from general thermodynamic arguments that a liquid confined between two drying walls will be replaced by vapor, due to competition between bulk energetics ͑favoring the liquid phase͒, and surface energetics ͑favoring the vapor͒. Below some threshold separation the surface energetics will dominate over the bulk energetics. The reduction of liquid density between two solvated inert surfaces will lead to attraction between them. This effect is of importance to the hydrophobic attraction, especially if the tendency to evaporate can be induced by widely separated hydrophobic surfaces.
A comparison of bulk to surface energetics provides an estimate of the range of surface separation where this effect of confinement will become significant. The critical distance D between planar walls of lateral size L, below which vapor represents the stable phase is given by ͓2͔
Dϳ2⌬␥/͑⌬ϩb␥ /L ͒, ͑1͒
where ⌬␥ϵ␥ wl Ϫ␥ wv ϭϪ␥cos c , and we make use of Young-Dupré equation for relating the difference in wall/ vapor and wall/liquid surface tension to the surface tension of the free liquid-vapor interface, ␥, and the contact angle c . is the number density of a liquid, ⌬ is the difference of the chemical potential of bulk liquid from liquid-gas coexistence, and b is a geometry dependent constant of the order of unity. For macroscopic surfaces, Eq. ͑1͒ reduces to the well known result ͓3,4͔ Dϳ2⌬␥/⌬. For hydrophobic surfaces ͑large c ) in water at ambient conditions, vapor becomes the thermodynamically stable phase at separations of the order of 100 nm. The magnitude of the length at which confinement becomes relevant is a consequence of water's large surface tension, and the proximity to the liquid-vapor coexistence line ͑i.e., the smallness of ⌬).
Others have noted that physics of evaporation and surface drying is pertinent to the interaction between extended hydrophobic surfaces separated at distances large compared to a typical bulk correlation length of a liquid. Macroscopic thermodynamics ͓5͔, and mean field approach ͓6͔ were used in these works. Molecular simulation studies are still restricted to small simulation box, where a tendency of water to escape from the hydrophobic environment has been observed at very small separations, up to two molecular layers. Note that, for specific conditions of the calculations, grand canonical Monte Carlo ͑GCMC͒ simulations of simple potential of water ͓7͔ and constant pressure molecular dynamics of RER water ͓8͔ captured spontaneous evaporation at distances consistent with Eq. ͑1͒. The simulations confirm the pertinent physics at small separations of large hydrophobic objects ͓9͔: liquid confined to one molecular layer, which prevents the molecules from having neighbors, vaporizes.
Clearly, evaporation induced by confinement is a real phenomenon, but its extent and time scale can vary appreciably depending upon the size and shape of the confining hydrophobic surfaces. Recent reports on hysteresis in surface force measurements ͓3͔ indicate metastabilities associated with first-order phase transitions. Macroscopic thermodynamics predicts ͓5͔ that for a vapor bridge to grow to its equilibrium size, a very high potential barrier must be overcome, leading to astronomical time scales for the evaporation to be observed in experiments ͓10͔. Yet, the phenomenon does occur: at separations of about 10-20 nm, the two surfaces jump into contact, indicating the occurrence of spontaneous cavitation ͓11͔. Hence, there must be an alternative pathway for evaporation to occur. In this paper, we give evidence for a different mechanism for spontaneous cavitation: we argue that it is the interfacial fluctuations that are essential for relatively fast cavitation.
Our results are based upon an analysis of Glauber dynamics GCMC simulation of simple lattice gas model with nearest-neighbor attractive interactions ͓12͔. We consider only systems in which vapor represents the stable phase. Beginning with a slit filled with metastable liquid, we use simulations to study the dynamics of cavitation. Because of apparently very long range nature of the interaction, which is experimentally observed only between macroscopic surfaces ͓13͔, any simulation would have to be carried out on systems *Author to whom correspondence should be addressed. Present address: Hilgard Hall-3110, UC Berkeley, CA 94720-3110.
RAPID COMMUNICATIONS
PHYSICAL REVIEW E DECEMBER 1997 VOLUME 56, NUMBER 6 56 1063-651X/97/56͑6͒/6283͑4͒/$10.00 R6283 © 1997 The American Physical Society with prohibitively large lateral dimensions of surfaces. In such a geometry even the fastest computers cannot currently handle the necessary number of particles. Since a density profile associated with surface drying ͓1͔ contains a free liquid-vapor interface, the dynamics may involve interfacial capillary wave fluctuations ͓4͔. Therefore, periodic boundary conditions cannot resolve the problem because they cannot capture density fluctuations with wavelength exceeding the dimensions of the simulation cell. When studying the dynamics of phase transitions in a slit geometry, we must have a model with lateral dimensions much larger than the separation between the confining surfaces for the transition to be seen in a finite time of simulation. Lattice gas models provide a conventional framework for computations at large length scales where molecular details become unimportant ͓14͔. The existing lattice gas simulations of a confined fluid have examined the equilibrium phase behavior properties ͓15͔. However, the way the phase transition occurs, i.e., the mechanism of induced cavitation, has never been studied. The present calculations focus on the kinetic pathway of the liquid-gas phase transition of a confined fluid close to liquid-gas coexistence. Specifically, we follow the evaporation process and try to identify the important fluctuations that lead to cavity formation.
The lattice-gas Hamiltonian is given by
where the first term represents the interparticle interaction for a given set of occupation numbers n. n i ϭ1 if the cell at position i is occupied ͑liquid͒, and is equal to zero if it is empty ͑gas͒. ⑀ s denotes the lattice gas surface-particle interaction, and is chemical potential. ͚ ͗i j͘ runs over all nearest-neighbor pairs, and ͚ isurface over all 2ϫL 2 surface sites. The lattice gas parameters, namely, the nearestneighbor interaction ⑀, the chemical potential , and the lattice spacing a, are chosen such that at room temperature the corresponding lattice gas exhibits high surface tension, close proximity to vapor-liquid coexistence, and high incompressibility. These are the three features that seem most pertinent for a liquid such as water at ambient conditions ͓16͔.
The space between the parallel surfaces is filled by a simple cubic lattice with volume DϫLϫL. In most of our calculations we have used a simulation box of size 12ϫ512 ϫ512 ͑in units of a). The boundary conditions are chosen to mimic the experimental setting in the surface force apparatus ͓13͔. In the x-y direction, the confined region is surrounded by the bulk liquid (n i ϭ1 at the boundary in the lateral direction͒. The system is simulated under the conditions of constant temperature and chemical potential, using the Glauber ͓17͔ single spin-flip Monte Carlo algorithm, with surface fields that correspond to strongly hydrophobic surfaces, ⑀ s ϭ͓(1ϩcos c )/2͔⑀ϭ0.01⑀.
In our simulation, Fig. 1 , the system is initially occupied, i.e., filled with liquid. Because vapor is thermodynamically stable in the confined region at this separation ͓18͔, this initial configuration corresponds to metastable liquid. A film of vapor quickly develops between the liquid and each wall in about 200 passes ͑1 pass corresponds to 1 single-flip trial at each cell for the entire system͒. In the present case the formation of vapor film merely reflects the fact that liquid tends to escape from interfacial region to the bulk phase in GCMC. These newly created liquid-gas interfaces undergo thermal fluctuations. The fixed boundary conditions pin the interfaces at the edges. We identify long wavelength fluctuations ͑cap-illary waves͒ that contribute to the thermal roughness of the 
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56 KA LUM AND ALENKA LUZAR water-vapor interfaces ͓19͔. After 10 4 passes the liquid-gas interfaces are still fluctuating. When the two interfaces finally touch each other ͑after about 18 000 passes͒, a vapor cavity bridges across the surface and then expands to fill the confined region. The system then evolves to its thermodynamic stable state ͓20͔.
In Fig. 2 we show additional features that lead to evaporation by presenting liquid density cross sections at consecutive times, from a different run than presented in Fig. 1 . At 1 , a microscopic vapor ''tube'' forms across the two fluctuating liquid-vapor interfaces. At 2 , the tube closes up and disappears ͓Fig. 2͑a͔͒. At 4 , the tube forms at another position. This time, the tube expands and evaporation occurs at 5 ͓Fig. 2͑b͔͒. We identify these short wavelength fluctuations as important features involved in the evaporation process: microscopic vapor tubes appear across the interfaces, and disappear at later times. When they expand the evaporation takes place. The appearance of vapor tubes gives rise to the interaction decaying exponentially with separation, as predicted by Fishers ͓21͔. These tubes contribute to the communication between the two liquid-gas interfaces ͓22͔, especially when the system is close to the transition state, i.e., just before the evaporation occurs. To study the formation of such tubes quantitatively let us define P(h) as the probability that h sites in a half column are occupied ͑Fig. 3, inset͒:
where n(x,y,z)ϭ0,1 and ( Figure 3 contains the data for logP(h) vs h in a system before evaporation ͑from a different run than presented in Fig. 1͒ . The peaks of the distributions are Gaussian. The peak positions and the widths do not change with time ͑num-ber of passes͒, which means that the average interfacial positions and fluctuations do not change significantly. Prior to evaporation, for hр2, the distributions are approximately exponential ͑linear on the logarithmic scale͒. When evaporation begins to occur ͑12 400 passes͒, only the probability of observing half-empty columns, P(0), increases. When two half columns join, they form a vapor tube ͓Fig. 2͑b͔͒. Figure 4 shows the effect of interfacial separation on evaporation. The probability of observing half empty columns increases with decreasing separation between surfaces. logP(0) scales as Ϫ⑀D/kT ͓21͔. When the two vapor-liquid interfaces are close enough that the occurrence of vapor tubes becomes more frequent, evaporation occurs ͓sudden increase in P(0)] when one of these tubes expands and fills the confined region.
In conclusion, our findings suggest the pathway to evaporation of a metastable liquid between drying walls is driven by fluctuations of the liquid-gas interfaces that necessarily exist ͓1͔ at drying surfaces ͓23͔. The early long-wavelength stage ͓24͔, corresponding to a detachment of the fluid from the surface, is followed by short wavelength fluctuations essential for the evaporation process, so the evaporation pathway cannot be fully captured with interfacial models ͓24͔ in which short wavelength fluctuations are integrated out. Due to the incompressibility of water, the long wavelength fluctuations of the two liquid-gas interfaces that we observe can be correlated even at large distances, an effect relevant to interpretations of long-ranged interaction between surfaces separated by metastable liquid.
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